Assessment of Mixer-Ejector Nozzle with Thermal Acoustic Shield for Jet Noise Reduction by Seidel, Jonathan A. et al.
 
 
American Institute of Aeronautics and Astronautics 
 
 
1 
Assessment of Mixer-Ejector Nozzle with Thermal Acoustic 
Shield for Jet Noise Reduction 
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NASA Glenn Research Center, Cleveland, Ohio 44135 
Stewart J. Leib3 
Ohio Aerospace Institute, Cleveland, Ohio 44142 
A tendency for excessive exhaust jet mixing noise from low bypass ratio turbofan engines 
is recognized as a key challenge in the design of commercial supersonic aircraft. In this work 
we investigate a unique combination of two noise mitigation methods as a novel strategy to 
reduce jet mixing noise. First, a thermal acoustic shield (TAS) is used to reflect high frequency 
acoustic waves at small angles to the jet axis; second, a mixer-ejector (ME) nozzle is used to 
mechanically shield noise propagating at large angles to the axis. The ME shroud also provides 
a convenient location for a TAS nozzle and improves TAS effectiveness by limiting the 
downstream extent of high frequency noise generation. In an additional benefit for a velocity-
matched TAS stream, the ME allows a reduction in strength of the TAS outer shear layer 
which could serve as a secondary noise source. The present work provides a quantitative 
assessment of the ME-TAS concept, using a combination of RANS CFD simulations, acoustic 
analogy calculations for the farfield Green’s function, and surrogate-based modeling and 
parameter space exploration. We first evaluate a subscale configuration, then use scaling 
arguments to apply subscale results to the systems-level analysis of a flight configuration; the 
latter configuration includes a generic low bypass ratio turbofan engine with an engine-driven 
electric generator for supplementary heating of the TAS stream. Additional RANS CFD 
calculations are performed for a notional ME-TAS geometry based on the full scale 
configuration, and various modeling assumptions and operational characteristics are 
evaluated. The ME-TAS concept is shown to provide effective shielding for high frequency jet 
noise, and should enable comparable noise suppression to a stand-alone ME of considerably 
greater length, weight and drag. In addition to investigating the integrated ME-TAS system, 
the present work differs from previous research into TAS and related fluidic shield concepts 
through the inclusion of modern numerical analysis tools and the systematic numerical 
examination of various design parameters. 
Nomenclature 
a = speed of sound 
BPR = turbofan engine bypass ratio 
cp = specific heat at constant pressure 
d = TAS nozzle exit width (i.e. radial distance between inner and outer TAS nozzle lip edges) 
Dp = ME shroud inner diameter 
f = frequency 
fdiv = mass flow fraction diverted from turbofan engine core stream 
He = Helmholtz number 
L = ME shroud length downstream of noise source 
M = Mach number 
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?̇?  = mass flow rate 
P =  static pressure 
Pt =  total pressure 
PR = ME pumping ratio 𝒫  = power 
q = sound wave velocity vector 
R = gas constant 
RA = effective ratio of entrance areas between primary and secondary ME streams 
St = Strouhal number 
T = temperature 
Tr =  temperature ratio between TAS and freestream 
U = axial velocity 
V = fluid velocity vector 
x = axial coordinate 
y = transverse coordinate 
yT = cross-flow plane coordinates for similarity model 
a = source (emission) polar angle 
b = farfield wave propagation angle 
γ = specific heat ratio 
D = distance between source and farfield observer 
egen  = electrical energy conversion efficiency 
hpump = turbopump efficiency 
θ = polar angle between source and farfield observer 
x =  ray angle 
σ = shielding level 
f = wavefront angle relative to fluid velocity 
φ = azimuthal angle 
ψ = sine of wavefront angle f 
ω = angular frequency 
 
Subscripts 
0 = ME primary stream entrance conditions 
1 = ME exit conditions 
2 = TAS exit conditions 
¥ = freestream conditions 
core = exit conditions for turbofan core stream, before mixing with bypass stream 
f = conditions for full scale configuration 
fan = exit conditions for turbofan bypass stream 
LPT = conditions at exit of low pressure turbine 
s =  conditions for subscale configuration 
I. Introduction 
mong the major design challenges in the development of commercially viable civil supersonic aircraft are a need 
to reduce sonic boom, in order to permit overland supersonic flight, along with requirements for high 
aerodynamic efficiency and propulsion system efficiency during transonic acceleration and supersonic cruise. These 
requirements tend to favor elongated airframe configurations with comparatively small cross-sectional areas, and point 
toward the use of low bypass ratio (BPR) turbine engines that provide high specific thrust while allowing for relatively 
low wave drag. In addition to favoring low BPR engines, design optimization efforts for high speed aerodynamic 
efficiency and low sonic boom tend to reduce subsonic aerodynamic performance (i.e. low lift/drag ratio) which leads 
to a demand for increased takeoff thrust. The low engine BPR and takeoff thrust requirements in turn lead to 
anticipated difficulties in meeting airport noise regulations, specifically due to increased engine noise from exhaust 
jet mixing. High jet noise during takeoff and initial climb is generally understood as a main limiting factor in the 
design of commercial supersonic transports.1 
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Over the past several decades, a number of different strategies have been investigated for suppressing jet noise 
from low BPR turbine engines. These strategies include plug nozzles, lobed mixers, chevrons, over-wing mounting 
and other means of engine-airframe integration for mechanical noise shielding, and various fluidic shielding 
techniques. Two jet noise reduction strategies which have been the subject of extensive historical investigation, but 
have to our knowledge not received attention as complementary techniques, are the mixer-ejector (ME) nozzle2-6 and 
the thermal acoustic shield (TAS).7-13 
In conventional use, a ME nozzle operates as follows.1-3 First, a secondary flow is entrained within the nozzle 
through viscous shear and pressure imbalance (suction) effects, and is brought into the nozzle from the atmosphere 
through an entrance area within the ME shroud. The secondary flow mixes with the primary flow ejected from the 
engine (including both turbofan core and bypass streams) by means of turbulent shear layer mixing along with large 
scale transverse and/or streamwise vortex structures. In comparison to a single primary stream jet, the mixed primary 
and secondary streams allow for an increase in propulsive efficiency, as can be explained by the fact that for fixed 
thrust a larger mass flow rate corresponds to a reduced kinetic energy flow rate.3 Moreover, the reduced mixed flow 
average velocity (in an aircraft-based reference frame) leads to reduced mixing layer velocity gradients around the 
nozzle exit and an expected decrease in downstream jet noise generation. In contrast, enhanced mixing between 
primary and secondary streams within the ME nozzle results in locally increased high-frequency noise generation 
around the mixing layer, but jet noise produced within this comparatively small region is mechanically shielded – at 
least at large angles to the jet axis – by the ME shroud. Other notable benefits of a ME nozzle include the ability to 
fluidically vary the degree of primary stream expansion, and the fact that an incompletely mixed secondary stream 
may be used as a thermal fluidic shield to prevent overly large heat loads on the inner nozzle wall for an afterburning 
engine; the latter effect was employed with the J58 engine in the SR-71. 
As with the ME nozzle, the TAS concept has been the subject of both experimental7-11 and computational12,13 
research, although this has been a largely inactive research area over the past few decades. The principle underlying 
the TAS concept is that, as an acoustic wave approaches the high-temperature-gradient mixing layer between the jet 
noise source and TAS, the wave energy may be at least partially redirected by means of refraction and/or reflection. 
In ray acoustics, where finite wavelength effects are neglected, wave propagation is assumed to follow Snell's law, 
and a wave will be refracted or reflected as it passes through an interface between two media of varying wave 
propagation speeds. If we consider the TAS mixing layer to be one such interface and neglect effects of finite sound 
wavelength – as well as various secondary effects including mixing layer thickness, transverse variation in mean flow 
velocity, viscous degradation of the TAS stream with downstream distance, chemical composition, shear or 
turbulence-induced vortex development within the mixing layer, and any static pressure gradients – it can be shown 
that, in a reference frame moving at the mean flow velocity, the ratio of interface-normal angle sines across the 
interface is equal to the square-root of the corresponding temperature ratio. Beyond a certain critical angle (for which 
the refracted angle sine is zero) the wave will experience total internal reflection, and the TAS will function as a 
perfect acoustic reflector. It follows that a TAS, consisting of a high temperature gas stream injected from a slot nozzle 
around the jet noise source, may be able to selectively redirect high frequency noise away from a downstream observer. 
This redirection is preferential toward high frequency noise in part because the influence of TAS width on ray 
acoustics effects (e.g. reflection) tends to increase with wavelength due to evanescent wave coupling, and because 
high frequency noise is primarily generated in a small upstream region of the jet mixing layer which is particularly 
favorable to TAS reflection. 
Ground test campaigns in the 1970s and 1980s were performed to assess sensitivities to TAS width, frequency and 
angle dependence, and TAS systems demonstrated effectiveness at reducing high frequency noise for small jet axis 
angles. Early proposed TAS configurations involved concentric streams with circular slot nozzles,7 whereas later 
designs utilized semi-circular slot nozzles to avoid promoting downward wave reflection or multiple reflections in the 
direction of a ground observer.8-10 Although the use of TAS during flight requires available compressor bleed flow or 
another high temperature gas source, any associated complications may be outweighed by the benefit that, as a fluidic 
shield, a TAS can potentially be turned off with minimal added drag and few external moving parts.  
Because a TAS tends to function most effectively at small jet axis angles, while a ME nozzle provides the greatest 
noise suppression at large angles, it seems promising to consider using these two strategies together. More specifically, 
the high frequency noise generated from small-scale turbulent vortices near the ME primary stream nozzle exit are 
only fully reflected off a TAS at small angles, and mechanical shielding by a ME shroud is therefore required at larger 
angles. The lower portion of the ME shroud trailing edge also provides a convenient location for the TAS nozzle, as 
the TAS should be offset from the primary stream to promote downstream TAS persistence. Moreover, if the TAS 
stream core velocity is matched to the primary jet velocity – as is preferable to promote downstream persistence of a 
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sharp interface between the two streams – the reduction in ME exit velocity allows for a significant decrease in strength 
of the TAS outer shear layer which can function as a secondary noise source. Another potential advantage of 
integrating a ME with a TAS is that the ME limits the spatial distribution of high frequency noise generation, and 
improves TAS effectiveness for a noise source upstream of the TAS nozzle due to TAS stream degradation with 
downstream distance. It should be noted that, when a ME nozzle is used for noise suppression in combination with a 
TAS, the primary functions of the ME nozzle are to mechanically shield noise at large jet axis angles, and to promote 
mixing as a means to reduce the downstream extent of high frequency noise generation. 
In the following sections, a quantitative evaluation is performed for a proposed ME-TAS configuration, using a 
combination of two-dimensional Reynolds averaged Navier-Stokes (RANS) CFD based acoustic analogy calculations 
and surrogate modeling procedures. Shielding levels for a subscale TAS flow are determined through a numerical 
solution for the farfield Green’s function, and results are fed into a surrogate model for post-processing evaluation of 
source angles and corresponding ME shroud lengths. Scaling arguments are then used to convert subscale modeling 
data to a full scale ME-TAS configuration, and tradeoffs between engine power requirements, shielding levels and 
geometric parameters are assessed. Next, three-dimensional RANS CFD simulation results are presented for a notional 
full scale geometry, and potential analysis errors and operational difficulties are highlighted. Lastly, results are 
summarized and planned areas of future work are discussed.  
II. Surrogate Modeling Analysis for a Subscale Case 
As a starting point for the present work, a series of six RANS CFD simulations are performed for a two-
dimensional velocity-matched TAS flow using the SOLIDWORKS Flow Simulation tool, with adaptive Cartesian 
grid finite volume calculations for a set of related subscale geometries approximately based on an experimental ME 
test rig currently in use at NASA Glenn Research Center. Here the primary and TAS core velocities V are both set to 
308.9 m/s, the primary nozzle exit width Dp is 0.667 in, the freestream flow is modeled as a quiescent region at T¥ = 
293.2 K, and the primary stream total temperature is matched to ambient conditions. An ambient static pressure of 1 
atm is assigned to both primary and TAS stream inflow boundaries. TAS nozzle widths d of 0.1, 0.2 and 0.4 in are 
considered, and static temperature ratios Tr = T2/T¥ are set to values of 2 and 5, where subscripts 2, 1 and ¥ indicate 
TAS nozzle exit, primary stream nozzle exit and freestream conditions, respectively. An illustrative temperature 
contour plot from the RANS calculation for d = 0.2 in and Tr = 2 is presented as Fig. 1. Note the comparatively sharp 
interface between TAS and primary streams which persists for a considerable downstream distance, due to the use of 
velocity matched nozzle exit conditions.  
Mean velocity and temperature profiles are extracted from the simulation results at normalized downstream 
distances x/d = 5, 10 and 20 with respect to the TAS nozzle exit plane, and are used to generate similarity form models 
for input to a numerical tool for calculation of the farfield Green’s function in an acoustic analogy formulation.14,15 
The Green’s function governs mean flow interaction effects and its magnitude at observer locations in the farfield, 
relative to its value at an observer directly above the shield (where no shielding is expected), is used as an initial guide 
to the shielding potential of the TAS. 
Figure 2 shows the normalized mean streamwise velocity and temperature profiles extracted from the two-
dimensional RANS solutions at the three streamwise locations (x/d = 5, 10 and 20) for all static temperature ratios (Tr 
= 2 and 5) and TAS nozzle widths (d = 0.1, 0.2 and 0.4 in) considered in the RANS simulations. Also shown in Fig. 
2 are approximate fits for these normalized profiles using the functional forms  
 𝑈𝑈%&' = 𝑒*+,-	;			𝜂1 ≡ 𝑦𝑦4.6 (1) 
 𝑇	 − 	𝑇<𝑇%&' − 𝑇< = 𝑒*(+=>?)-@ 		; 			𝜂A ≡ 𝑦 − 𝑦4.6𝑦4.B − 𝑦4.? , (2) 
 
where 𝑈%&'	is the maximum mean axial velocity for a given x/d; 𝑦E	(for 𝜇 = 0.1, 0.5 or 0.9) is the transverse location 
y closest to the primary stream center (y = 0) where the difference between the local mean temperature and the peak 
value in the temperature profile, 𝑇%&', is a fraction 𝜇 of the difference between the ambient temperature and 𝑇%&'; 
and in Eq. (2) 𝜌 = 1 for	(𝜂A + 1) > 0	and 𝜌 = 10 for (𝜂A + 1) ≤ 0. The fit for the mean velocity ignores the slight 
mismatch between the primary and TAS exit streams, as well as the local minimum occurring between these streams. 
 
 
American Institute of Aeronautics and Astronautics 
 
 
5 
The fit for the mean temperature is found to be a reasonable approximation at x/d = 10 and 20 but a relatively poor 
approximation at the upstream-most location, x/d = 5. However, these approximations were deemed to be sufficient 
for an initial rough assessment of the noise-shielding potential of the TAS.  
For implementation into the Green’s function solver, the two-dimensional profiles are extended azimuthally to 
simulate a configuration where a thermal shield is partially wrapped around a circular primary stream. Here the mean 
velocity is modeled as axisymmetric, and the mean temperature varies with the azimuthal coordinate, 𝜑, and the radial 
coordinate, r, as 
 𝑇 = M (𝑇N − 𝑇<)𝑠𝑖𝑛N𝜑	𝑒*(+R>?)-@ + 𝑇<		if		𝑦U < 0	𝑇<																																																								if		𝑦U ≥ 0	 (3) 
 
where 𝜑 = 𝜋 2⁄  is the azimuthal location directly above the TAS stream and 𝜂[ ≡ [*[\.][\.^*[\._. Figure 3 shows an example 
of a mean temperature profile in the cross-flow plane, 𝒚A = (𝑦N, 𝑦U), with lengths normalized by the primary nozzle 
diameter 𝐷b used as input to the Green’s function solver. 
Green’s function calculations are performed for farfield observer polar angles (measured from the jet axis) 𝜃 =15, 
30, 45, 60, 75 and 90°, with the noise source located at the primary stream center. Angular frequencies 𝜔 = 2𝜋𝑓, 
where 𝑓 is the frequency in Hz, corresponding to Strouhal numbers 𝑆𝑡 = 𝑓𝐷b 𝑉⁄ = 0.2, 0.6, 1.0. 1.4, 1.8	 and 2.2 are 
considered. Including all combinations of input parameter values, a total of 1080 values of the Green’s function 
g(𝒚A; 𝜑, 𝜃, 𝜔) are computed, and an additional 360 points are added to the output database at Tr = 1 and d/Dp = 0, for 
which there is no shielding. Shielding levels 𝜎 are then computed in a dB scale from this database as follows: 
 𝜎 = −10𝑙𝑜𝑔?4 p |𝑔(𝒚A = 0;𝜑, 𝜃,𝜔)|Nr𝑔 s𝒚A = 0;𝜑 = 𝜋2 , 𝜃,𝜔trNu																																																										(4) 
 
Figure 4 shows examples of the shielding results based on the Green’s function calculation for the TAS with 𝑇𝑟 =2.0 at an observer polar angle of 𝜃 = 30° for different TAS widths, streamwise locations from the TAS nozzle exit 
and frequencies of 𝑆𝑡 = 0.6, 1.0 and 1.4. The results show that the shielding potential of the TAS is highest for larger 
shield widths and at higher frequencies. Significantly, the shielding effect appears to be maintained beyond twenty 
TAS nozzle widths downstream in this simplified model where the exit velocities of the two streams are matched. 
After shielding levels s have been computed and tabulated with corresponding values of independent variables – 
Tr, q, d/Dp, x/Dp, and Helmholtz numbers He = f Dp/a¥, where a¥ is the freestream sound speed – the tabulated values 
are then employed as training data for a surrogate model using the Python based Surrogate Modeling Toolbox.16 The 
Helmholtz number He is used here in place of St, which differs from He by a factor equal to the reciprocal of the 
acoustic Mach number V/a¥, because it is assumed that shielding levels depend more strongly on the acoustic speed 
a¥ than on the jet speed V. For smooth interpolation between all training points, we utilize a Gaussian radial basis 
function surrogate model, with all independent variables normalized to a range [0,1] and the Gaussian basis function 
scaling parameter set to 1/2. Figure 5 shows a representative example of training points (symbols) and surrogate model 
results (curves) through these points, for Tr = 2 and d/Dp = 0.6. As a further illustration of the overall smoothness of 
the six-dimensional surrogate model, Fig. 6 shows surrogate response surface plots of s as a function of various 
combinations of independent variables. Generally smooth, non-oscillatory variation is observed over all variables, 
with expected trends including an increase in s with He and Tr (i.e. increased shielding at higher frequencies and for 
higher TAS nozzle exit temperatures). Note the negative shielding levels shown on the right plot in Fig. 6 for x/d » 0 
over a small range of polar angles; this indicates possible noise amplification over a small parameter space region, but 
is based on extrapolation outside the parameter space input domain (for which x/d ³ 5) and is likely unphysical.   
In Fig. 7, shielding levels from the surrogate model are plotted against q and d/Dp for He = 1 and three different 
temperature ratios Tr. As expect, increased TAS nozzle exit width tends to correspond to an increase in shielding 
level, and maximum shielding is found to occur for all Tr and most d/Dp values at a farfield polar angle around 45°. 
The tendency for increased shielding at smaller angles within the approximate range [45°,75°] is a consequence of the 
tendency for increased reflection off the interface between TAS and primary streams, as explained in the introduction 
using the critical angle concept from ray acoustics. The trend toward reduced shielding at smaller angles for q  < 45° 
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can be attributed in part to an effective reduction in the ray-aligned temperature gradient across the TAS interface for 
small polar angles, and also in part to the influence of refraction from small source angles to larger farfield angles due 
to the velocity difference between the primary stream and freestream. 
Figure 8 shows a set of points representing the intersection of the surfaces in Fig. 7 with a set of horizontal planes 
along which shielding levels are held constant. In other words, points in Fig. 8 denote combinations of q and d/Dp for 
which uniform shielding levels of 1, 2, 5 and 10 dB are expected from the TAS. The locus of points (with three plots 
corresponding to different Tr) therefore indicate the minimum TAS nozzle exit width d required for a given shielding 
level at some farfield angle q. This information can be used to provide insight on design tradeoffs for the proposed 
ME-TAS configuration, by finding the q value corresponding to a given shielding level s and TAS width d, computing 
source angles a for each q, then sizing the ME shroud to provide mechanical shielding at source angles larger than a. 
Here a is defined as the angle between the jet axis and the initial ray direction at the noise source, for the acoustic ray 
that propagates to an observer at the farfield angle q. We consider only the monotonically increasing region of the 
fronts shown in Fig. 8, in order to avoid both the influence of reduced shielding at small q and the influence of 
oscillations for q  » 90° as observed in Fig. 5. We assume uniform flow over a ray traveling from a point source on 
the ME axis to the ME shroud trailing edge, such that the ray inclination is constant at the source (emission) angle a. 
The streamwise distance L from the source to the trailing edge may then be given as 
 
 (5) 
 
 
A diagram showing geometric elements for the ME-TAS configuration, as well as relevant flowfield structures and 
shielding characteristics, is provided for reference in Fig. 9. 
For utilization in Eq. (5) of the surrogate model based on farfield shielding levels for the independent TAS flow, 
we neglect the comparatively small dependence of s on x/Dp, and we employ the surrogate model only at x/Dp = 3 in 
order to avoid extrapolation from the training data at any d/Dp for which Green’s function calculations are performed. 
For sufficiently high frequency noise, it can safely be assumed that the dominant noise source is within the far upstream 
portion of the mixing region in a ME, or along the plug surface in a ME that includes a plug nozzle for the primary 
stream. The shroud total dimensions should therefore be straightforward to determine once both L and Dp are known.  
It follows that the primary challenge in using Eq. (5) to determine shroud dimensions is the determination of the 
source angle a, given the farfield angle q and relevant flowfield data. In particular, a generalization of Snell’s law is 
required to incorporate effects of both temperature and bulk velocity variation. As described in the introduction, 
Snell’s law is used to predict refraction across a sharp interface over which an abrupt change in wave propagation 
speed exists. For the present application we can apply Snell’s law to calculate refractive changes in ray direction 
between the ME exit stream and farfield without loss of validity, irrespective of the lack of a sharp interface or the 
presence of flowfield structures through which the ray must pass. However, the calculation of a from q  is greatly 
complicated by the fact that the flow is near sonic velocity at the source but is quiescent in the farfield, which violates 
a key assumption in the conventional derivation of Snell’s law that wave velocity is normal to the wavefront. The 
following Snell’s law formulation is therefore used instead. 
First, from Hyugen’s principle, a wavefront moves at a speed a in the front-normal direction within a reference 
frame that is fixed with respect to the moving fluid. For a fluid velocity of V = Vî and a wavefront angle f relative to 
the x-axis, the sound propagation velocity can be written as 
 
 (6) 
 
If x is the angle between the ray vector q and the x-axis, then the ray speed and direction are given, respectively, by 
the expressions 
 
 (7) 
and 
 (8) 
 
 
𝐿𝐷b = 12 tan𝛼 
𝒒 = (𝑎 sin𝜙 + 𝑉)𝚤̂ − (𝑎 cos𝜙)𝚥 ̂
𝑞 = |𝒒| = 𝑎(𝑀N + 2𝑀 sin𝜙 + 1)?/N tan 𝜉 = 𝒒 ∙ 𝚥̂𝒒 ∙ 𝚤̂ = cos𝜙sin𝜙 +𝑀 
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where M º V/a is the Mach number. Next, we consider a set of two rays that pass through a sharp interface between 
two uniform regions, designated as zones 1 and 2, such that the interface is parallel to the x-axis and the streamwise 
distance between the two rays is equal to some constant Dx within both regions. We then track two adjacent wavefronts 
between the two rays as they cross the interface, and note that the ratio of ray-directed distances d1/d2 between the 
wavefronts within zones 1 and 2 is equal to the ratio of propagation speeds q1/q2. Moreover, it can be shown through 
geometric arguments that 
 
 (9) 
 
 
Relevant symbols and geometric relations are presented in Fig. 10. From Eqs. (7) – (9) and the relations d1/d2 = q1/q2 
and a1/a2 = (T1/T2)1/2, we derive the following expression: 
 
 
 (10) 
 
 
where 
 (11) 
 
Neglecting total internal reflection effects, Eqs. (10) and (11) should be valid regardless of the interface structure or 
path between zones 1 and 2, and allow the incident ray angle x1 to be determined numerically if the refracted ray angle 
x2 and the quantities M1, T1, M2 and T2 are known. 
If we substitute the source angle a for x1 in Eqs. (10) and (11), replace all indices “2” in these equations with the 
farfield subscript “¥” and define a farfield wave propagation angle as b = x2, then b can be related to a for the TAS 
cases of interest. It is important, however, to distinguish between b and the farfield polar angle q ; the latter angle is 
based on a straight line from the source to the observer, and does not necessarily follow the ray path. More 
problematically, it can be shown from Eqs. (10) and (11), with symbol substitutions as described above, that for a 
finite primary stream Mach number M1 > 0 and a quiescent freestream M¥ = 0, then as the source angle a approaches 
zero the corresponding b value will approach some nonzero minimum. In fact, for the conditions under consideration 
in the present work, this minimum will be close to 55°, and no valid source angle can be computed for smaller b. 
Figure 11 shows the relation between source and farfield wave propagation angles for flowfield quantity values (M1 
= 0.983, T1 = 245.7 K, M¥ = 0, T¥ = 293.2 K) considered here. 
In order to calculate the source angle a corresponding to a given farfield polar angle q, a few additional 
approximations and definitions are required. First, we assume a finite distance D between the source and observer. We 
then neglect the (likely small) influence of the TAS stream on ray paths, and approximate the primary stream as a 
region of uniform flow with no atmospheric flow entrainment. For a noise source at the primary stream center, the 
angles q and a may then be related by 
 
 (12) 
 
 
where h º 2D/Dp. To find a given q, we employ an iterative solver for a system of nonlinear equations that includes 
Eq. (12) along with the following based on Eqs. (10) and (11): 
 
 (13) 
 
 
 (14) 
 
 (15) 
 
𝛥𝑥 = 𝑑?  sin 𝜉?tan𝜙? + cos𝜉? = 𝑑N  sin 𝜉Ntan𝜙N + cos 𝜉N 
 𝜓N𝜓? 𝑀?N + 2𝑀?𝜓? + 1𝑀NN + 2𝑀N𝜓N + 1?/N  (1 − 𝜓?N)?/N sin 𝜉? + 𝜓? cos𝜉?(1 − 𝜓NN)?/N sin 𝜉N + 𝜓N cos 	𝜉N = 𝑇N𝑇??/N 
𝜓 = sin	𝜙 = [𝑀Nsin𝜉 − (𝑀N + 1)sinN𝜉 + 1]?/N − 𝑀sinN𝜉 
tan𝛽 = 𝜂 sin𝜃𝜂 cos 𝜃 − cot𝛼 
𝜓<𝜓?  𝑀?N + 2𝑀?𝜓? + 1𝑀<N + 2𝑀<𝜓< + 1?/N  (1 − 𝜓?N)?/N sin𝛼 + 𝜓? cos𝛼(1 − 𝜓<N )?/N sin𝛽 + 𝜓< cos𝛽 = 𝑇<𝑇? ?/N 𝜓? = [𝑀?Nsin𝛼 − (𝑀?N + 1)sinN𝛼 + 1]?/N − 𝑀?sinN𝛼 𝜓< = [𝑀<N sin𝛽 − (𝑀<N + 1)sinN𝛽 + 1]?/N − 𝑀<sinN𝛽 
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It should be noted from the form of Eq. (12) that there is no solution for q < qmin º sin-1 (1/h). However, qmin 
approaches zero for large observer distances, and only farfield observer locations for which h >> 1 are of interest in 
the present work.  In Fig. 12 both b and a are plotted as functions of q for the flow conditions under consideration, 
using a series of numerical solutions to Eqs. (12) through (15). Solutions are shown for a range of normalized distances 
D/Dp, with each symbol color corresponding to some fixed distance. Bimodal trends are observed for very large 
distances, where b and a are strongly dependent on q at large q values, while b » 55° and a » 0° for all q  below a 
cutoff value of about 55°. While selection of an appropriate D/Dp could be based on observer distances for airport 
noise regulations, here we choose a value of D/Dp = 50 to be used in all subsequent results. As shown in Fig. 12, this 
value preserves general trends expected at very large distances, while avoiding abrupt changes in slope for a as a 
function of q.  
In Fig. 13, surrogate model results from Fig. 8 are reproduced with the independent variable translated from q to 
a, using numerical solutions to Eqs. (12) through (15). We observe a monotonically increasing trend in Fig. 13 for 
source angles a between approximately 0° and 30°, which follows from the expected reduction in TAS shielding 
effectiveness – and so a greater TAS width is required to maintain a given shielding level – as a is increased. The lack 
of monotonicity in Fig. 13 for a between about 30° and 45° is related to the oscillatory behavior in Green’s function 
calculations at large q, as shown in Fig. 5, and no simple physical explanation is evident. No solution is displayed for  
a values greater than about 45°, as larger source angles correspond to observer angles q greater than 90° which are 
not included in the Green’s function calculations. It is interesting however to recognize that, for a nearly sonic jet 
noise source, acoustic rays which are directed downstream at the source may be redirected upstream to a stationary 
observer as a result of refraction between the jet and farfield regions. This fact illustrates the ineffectiveness of an 
isolated TAS or fluidic shield for noise reduction at large angles to the jet axis. 
If, instead of using a TAS in isolation, we focus on the monotonically increasing a range in Fig. 13 and employ a 
ME shroud to provide mechanical shielding at larger a, then Eq. (5) may be used along with (a, d/Dp, s) data post-
processed from the surrogate model – such as that shown in Fig. 13 – to determine the required shroud length for a 
desired minimum shielding level s. A sample of such results, for the same He and Tr values used in Fig. 13, are 
presented in Fig. 14. An expected tradeoff is observed in Fig. 14 between TAS nozzle exit width d and shroud length 
L downstream of the noise source: For a given shielding level, as the TAS width increases the required shroud length 
is reduced. Moreover, d and L can be decreased simultaneously either by increasing the TAS nozzle exit temperature 
(and therefore the temperature ratio Tr), or by reducing the desired shielding level. One important characteristic 
displayed in Fig. 14 is that a location of maximum curvature exists for each curve linking data points at a given 
temperature ratio and shielding level. Diminishing returns are found in either direction of this location, which can be 
formally defined as the value of L/Dp for which  
 
 (16) 
 
 
where d/Dp = F(L/Dp) and K is the signed curvature of the function F. More specifically, to the right of the maximum 
curvature area on a given curve, small reductions in TAS nozzle exit width and flow rate correspond to comparatively 
large increases in shroud length for constant s. Conversely, to the left of this area, small reductions in shroud length 
require large increases in TAS width and flow rate. While a true optimization would require knowledge of weight, 
drag and propulsive penalties associated with increasing either d or L, we can recognize an ideal range of geometry 
parameter values either through the direct use of Eq. (16) or through the approximate identification of a maximum 
curvature region based on plots such as those in Fig. 14. For example, at a shielding level of 5 dB and a frequency and 
TAS temperature corresponding to He = 1 and Tr = 3, respectively, a ME-TAS configuration based on the subscale 
primary stream under consideration would ideally use normalized lengths in the range of d/Dp » 0.2 and L/Dp » 1.5. 
The tradeoff between d/Dp and L/Dp for constant shielding levels is presented in Fig. 15 for a higher frequency 
corresponding to He = 2. In comparing Figs. 14 and 15, we find a considerable reduction in both d/Dp and L/Dp 
required to attain a given shielding level. This observation is consistent with the expected increase in TAS 
effectiveness at higher frequencies. Similar trends are also found in plots of Tr vs. L/Dp for constant d/Dp, which are 
presented as Figs. 16 and 17. The normalized frequency He is equal to 1 and 2 in Figs. 16 and 17, respectively, and a 
comparison of the two figures shows a tendency of large increases in shielding level at higher He.  
𝐾 = 	[1 + (𝐹′)N]*N/U 𝐹 − 3𝐹′(𝐹′′)N1 + (𝐹′)N = 0 
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III. Implications for Full Scale ME-TAS Design 
While TAS analysis and ME-TAS design parameterization for a subscale case allow for some insight into full 
scale ME-TAS design considerations and may serve as the basis for future ground tests, a more straightforward 
approach to study the practicality of the ME-TAS concept is to investigate a full scale case for representative flight 
conditions. We consider a configuration involving a velocity-matched TAS expelled through a semi-annular slot 
nozzle along the trailing edge of a ME, where the ME is mounted aft of a low bypass ratio turbofan engine. A plug 
nozzle is used at the primary stream ME entrance, and when the plug is in the low speed (takeoff/climb) position an 
opening on the plug forebody surface allows some of the core flow to be diverted into the TAS stream. A small 
turbopump, powered either mechanically through the shaft or using an electric motor, is located either inside or 
adjacent to the plug, and is used simply to increase TAS stream total pressure as needed for velocity matching at the 
TAS nozzle exit. After passing through the turbopump, the TAS flow then travels through one or more insulated ducts 
to a plenum region, where its temperature is increased by a resistive heater or an arcjet located at the plenum entrance. 
Finally, the TAS flow is discharged through the convergent TAS nozzle. Electrical power for the heater (and possibly 
for a turbopump motor) is supplied by a turbine-driven generator and potentially augmented by an auxiliary power 
unit. Note that the use of electrical heating enables the very high temperatures likely needed for an effective TAS, 
while avoiding the additional noise associated with duct burning or the complexity of extracting core flow upstream 
of the high pressure turbine. Moreover, by adding heat just upstream of the TAS nozzle, thermal management 
problems and/or insulation requirements may be significantly reduced. For reference, an illustration of the proposed 
configuration is presented as Fig. 18, and represents only one approach to establishing the flow conditions for TAS.  
As a first step in the consideration of a full scale ME-TAS design, we need to determine flow conditions at the ME 
primary stream entrance and ME exit; these locations are denoted here as stations 0 and 1, respectively, and are 
indicated by red numbers in Fig. 18. More specifically, we would like to find density-weighted mean velocities (V0, 
V1) and temperatures (T0, T1)  at the two locations using quasi-one-dimensional analysis, given the turbofan engine 
bypass ratio BPR, ME pumping ratio PR, total temperatures at the low pressure turbine exit Tt,LPT and at the fan exit 
Tt,fan , the freestream temperature T¥ and Mach number M¥, and the ME primary stream entrance Mach number M0. 
Approximations include a lack of consideration for total pressure losses and static pressure variation within the ME, 
and a lack of consideration for the dependence of PR on shroud length. We further assume complete mixing between 
core and bypass streams at the ME primary stream entrance (station 0), and between the primary and secondary 
(entrained) streams at the ME exit (station 1). As an additional approximation, we neglect the influence of the TAS 
flow diverted from the engine core stream on flow conditions at either station 0 or 1. This last approximation greatly 
simplifies our analysis but is valid only when a small mass fraction is diverted from the core stream. 
Based on the above approximations, we calculate the ME primary stream entrance temperature as 
 
 (17) 
 
 
and find the corresponding velocity V0 as a function of T0 and M0. We can then determine ME nozzle exit conditions 
by analytically solving the one-dimensional mass, momentum and energy equations for two-stream mixing of a perfect 
gas, with equal entrance pressures P0 = P¥ in a constant area duct: 
 
 
 (18) 
 
 
and 
 
 (19) 
 
where 
 
 (20) 
 
  
 
𝑇4 = 𝑇, ¡A + 𝐵𝑃𝑅	𝑇,¥&¦1 + 𝐵𝑃𝑅 1 + 𝛾 − 12 𝑀4N*? 
𝑉? = 𝜒 − ©𝜒N − 22𝑅 − 1𝑐b𝛿𝜖­?/N2𝑅 − 1𝑐b 𝜖  
𝑇? = 𝛿𝜖 − 𝑉?N2𝑐b 
𝜒 ≡ 1 + 𝑉4N𝑅𝑇4 + 𝑅® 1 + 𝑉<N𝑅𝑇< 
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(21) 
 
  
(22) 
 
 
 (23) 
 
and where R is the gas constant, cp is the specific heat at constant pressure for air, and RA is an effective entrance area 
ratio between the secondary and primary streams. Note that, although we neglect the pressure change between stations 
0 and 1, the ratio of these two pressures will vary somewhat from unity; this ratio is given by the solution to the one-
dimensional conservation equations as 
 
 (24) 
 
 
and is approximately 1.18 for the flight conditions (listed below) that are considered in this study. 
Once ME exit conditions are known for the full scale case, we apply surrogate model results to this case by 
assuming that the shielding level depends primarily on three parameters: 1) the incident wavefront inclination f1 at 
the interface between TAS and ME exit streams; 2) the temperature ratio T2/T1 across the TAS interface, where the 
subscript “2” denotes TAS nozzle exit conditions; and 3) the ratio J º f d/a2 of TAS nozzle exit width to wavelength 
within the TAS stream, which accounts for the influence of partial transmission or evanescent wave coupling 
associated with a finite TAS width. It should be noted that the wavefront inclination f1 is used here in place of the 
source angle a because the latter quantity depends on coordinate system velocity, whereas similar refractive properties 
are expected for signals of equal f1 that are emitted at two different source velocities or Mach numbers. 
It follows that surrogate model data can be translated from subscale to full scale conditions by matching the three 
parameters listed above. More specifically, we want to determine the required TAS nozzle exit width and mass flow 
rate for a given shielding level s, frequency f, shroud length L and TAS nozzle exit total temperature Tt2 under flight 
conditions. As a first step in this process, we calculate a temperature ratio Tr to be used as an input to the surrogate 
model generated from Green’s function calculations for the subscale case. With full scale and subscale case parameters 
indicated by subscripts f and s respectively, it can be shown that 
 
 
 (25) 
 
where 
  
(26) 
 
 
 (27) 
 
 
and where Tt represents a total temperature. From Eqs. (25) through (27) and the relation V1 = V2 for a velocity matched 
TAS, we find 
 
 
 (28) 
 
 
where Tt1/T¥ = 1 for the subscale case considered here and the velocity magnitude V1 for the full scale case is equal to 
the ME nozzle exit speed found from Eq. (18). 
𝛿 ≡ 𝑉4 1 + 𝑉4N2𝑐b𝑇4 + 𝑅®𝑉 1 + 𝑉<N2𝑐b𝑇< 𝜖 ≡ 𝑉4𝑇4 + 𝑅® 𝑉<𝑇< 𝑅® ≡ 𝑃𝑅 𝑀4𝑀< 𝑇<𝑇4 ?/N 
𝑃?𝑃4 = 𝑇?𝑉? 𝜖(𝑅® + 1) 
𝑇𝑟 = 𝑇N𝑇<° = 𝑇N𝑇< 𝑇<𝑇? ¥ 𝑇?𝑇<° 𝑇N𝑇< = 𝑇N𝑇< − 𝛾 − 12 𝑉NN𝛾𝑅𝑇< 𝑇?𝑇< = 𝑇?𝑇< − 𝛾 − 12 𝑉?N𝛾𝑅𝑇< 
𝑇𝑟 = 𝑇<𝑇? ¥ 𝑇N𝑇< − 𝛾 − 12 𝑉?N𝛾𝑅𝑇<¥ 𝑇?𝑇< − 𝛾 − 12 𝑉?N𝛾𝑅𝑇<° 
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As a next step, we determine the farfield observer angle q in the subscale case for which the incident wavefront 
inclination f1 at the TAS interface is equal to the f1 value at the shroud trailing edge for the full scale ME-TAS 
configuration. Given a full scale shroud length Lf, the corresponding subscale source angle as is computed using a 
series of expressions based on Eqs. (5), (8) and (14) along with the relation y1 = sin f1: 
 
 
 (29) 
 
 
 (30) 
 
 
 (31) 
 
 
Once as is known, the observer angle q can be calculated using an iterative solution to Eqs. (12) through (15), with 
other subscale input parameter values (M1, M¥, D/Dp, T1, T¥) provided above. 
In a final step to translate surrogate model results to full scale conditions, we equate TAS stream wavelength-to-
width ratios J º f d/a2 between the two cases. From Eqs. (25) and (26), the relation (f d/a2)f = (f d/a2)s and He = f Dp/a¥, 
we can show that  
 
 (32) 
 
 
The procedure to calculate (d/Dp)f then proceeds as follows: Values of Tr and q , calculated as described above, are 
used as inputs to the surrogate model for determination of (d/Dp)s corresponding to some desired shielding level s. 
The subscale Helmholtz number Hes to be used as a surrogate model input is somewhat arbitrary; however, for a 
practical range of full scale Helmholtz numbers Hef corresponding to objectionable frequencies, we find that Hef is 
considerably larger than the maximum Hes value of 2 employed in surrogate model training data, and Hes = 2 is 
therefore used here to avoid any extrapolation. Given the surrogate model output (d/Dp)s (or more precisely, the value 
of (d/Dp)s for which the desired shielding level s is found), a full scale Helmholtz number Hef based on the frequency 
f of interest, the temperature ratio Tr from Eq. (28), and other relevant parameters (V1, Tt2, T¥) for the full scale flow 
conditions, Eq. (32) can then be used to compute (d/Dp)f. As a check on the validity of the assumptions underlying Eq. 
(32), a series of (d/Dp)f  calculations have been repeated for full scale conditions (listed below) using both Hes = 1 and 
2, and resulting TAS nozzle exit widths df were found to vary as a function of Hes by only about 5-15%. 
While the above procedure allows determination of ME-TAS geometric parameters and allows some insight into 
design tradeoffs for a full scale configuration, other design metrics may provide more helpful information. In 
particular, we would like to determine the following: 1) the fraction of the turbofan core mass flow diverted to the 
TAS stream; 2) the fractional increase in total engine mass flow (including both core and bypass streams) required to 
maintain a desired level of thrust while the TAS is operating; and 3) the fractional increase in engine power and fuel 
usage required to maintain thrust. To derive approximate expressions for these metrics, we neglect any thrust 
augmentation from the ME. We also assume adiabatic flow through the TAS duct upstream of the electric heater or 
arcjet, so that the TAS stream total temperature loss due to wall conduction is not considered. A constant efficiency 
egen is assumed for energy conversion from shaft power to electrical heating of the TAS stream, e.g. through Joule 
heating across a resistive heater element. It is also assumed that any additional power draw on the generator associated 
with turbopump operation will be subject to a constant pump efficiency hpump which is defined as the ratio of power 
draw to the product of total pressure increase and volumetric flow rate through the pump. 
Assuming perfect nozzle expansion and neglecting the influence of TAS mass flow diversion on the ME entrance 
velocity V0, the mass flow rates at stations 0 (the ME primary stream entrance) and 2 (the TAS nozzle exit) can be 
approximately related by 
 
 (33) 
 
𝛼¥ = 𝑡𝑎𝑛*? 12 𝐷b𝐿 ¥ 
𝜓? = ±[𝑀?N𝑠𝑖𝑛𝛼 − (𝑀?N + 1)𝑠𝑖𝑛N𝛼 + 1]?/N −𝑀?𝑠𝑖𝑛N𝛼²¥  𝛼° = 𝑡𝑎𝑛*? (1 − 𝜓?N)?/N𝜓? + (𝑀?)°  
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where the superscript * denotes conditions without TAS operation, and velocity matching between stations 2 and 1 
(the ME exit) is implied. The fractional increase in engine mass flow is therefore given by 
 
 (34) 
 
 
and the mass flow fraction fdiv diverted from the engine core is  
 
 (35) 
 
 
where BPR is the turbofan bypass ratio. The TAS mass flow ratio on the right hand sides of Eqs. (34) and (35) is 
computed for a semi-annular TAS nozzle with a mass flow rate of  
 
 (36) 
 
 
Then, given a ME pumping ratio PR and a ME primary stream mass flow rate of  
 
 
 (37) 
 
 
we find from Eqs. (36) and (37) the following expression for the TAS mass flow ratio: 
 
 (38) 
 
 
To determine the required increase in total engine power 𝒫, an enthalpy balance is employed to express the 
propulsive power as 
 
 
 (39) 
 
where  
 
 (40) 
 
 
and the shaft power delivered to the generator is given as 
 
 
 (41)  
 
 
An additional contribution to the total power increase is the power required to drive a turbopump that directs flow 
through an insulated duct into the TAS nozzle, assuming the total pressure at the turbine exit is insufficient. If the 
static temperature and static pressure at the turbopump entrance are approximated as the total conditions (Tt,LPT , Pt,LPT) 
at the low pressure turbine exit, then the following expression for the turbopump power can be derived: 
 
 
 (42) 
 
 
∆?̇??̇?4∗ ≡ ?̇?4 + ?̇?N − ?̇?4∗?̇?4∗ = 1 − ?̇?N?̇?4 1 − 𝑉? 𝑉4⁄1 − 𝑉< 𝑉4⁄ *? 1 + ?̇?N?̇?4 − 1 
𝑓 ¹ ≡ ?̇?N?̇?º»[¯ = (1 + 𝐵𝑃𝑅) ?̇?N?̇?4 
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where DPt,duct is an estimated magnitude for the total pressure loss through the duct and other flowpath elements 
between the turbine exit and TAS nozzle plenum, and hpump is the pump efficiency. In Eq. (42) the TAS mass flow 
rate ?̇?N is calculated using Eq. (36), and the total pressure Pt2 at the TAS nozzle exit is given from isentropic relations 
by  
 
 (43) 
 
 
Equations (39), (41) and (42) are used to derive a relation for the fractional increase in total power required to 
maintain thrust, 
 
 
 
 (44) 
 
 
 
 
 
where 
 
(45) 
 
 
and where the normalized engine mass flow increase Δ?̇? ?̇?4∗⁄ , TAS mass flow ratio ?̇?N ?̇?4⁄ , freestream total 
temperature Tt,¥ and TAS nozzle pressure ratio Pt2/P¥ in Eqs. (44) and (45) are calculated using Eqs. (34), (38), (40) 
and (43), respectively. 
As representative flight conditions which are roughly based on takeoff and initial climb for a generic supersonic 
commercial aircraft, we assume a ME pumping ratio of PR = 0.5, a bypass ratio of BPR = 2.5, a shroud diameter of 
Dp = 1.5 m, a ME primary stream entrance Mach number of M0 = 0.95, and freestream conditions of T¥ = 273 K and 
M¥ = 0.3. Total temperatures are given as Tt,LPT = 950 K at the low pressure turbine exit and Tt,fan = 300 K at the fan 
exit. The energy conversion efficiency is set to egen = 0.4, the turbopump efficiency is hpump = 0.8, and the normalized 
low pressure turbine exit total pressure is Pt,LPT/P¥ = 3.4. As a simplifying assumption, the total pressure loss DPt,duct 
between the compressor entrance and TAS nozzle plenum is assumed to be much smaller than Pt,LPT and is therefore 
neglected. We consider TAS nozzle exit total temperatures of Tt,2 = 950, 1250 and 1550 K, which correspond to 
temperature increases of 0, 300 and 600 K, respectively, due to electrical heating. A frequency of f = 2 kHz is selected 
as a minimum objectionable noise frequency, and the same shielding levels of 1, 2, 5 and 10 dB are used as in the 
subscale case analysis. 
In Fig. 19 the TAS nozzle exit widths required for various shielding levels are plotted against the ME shroud length 
downstream of the noise source. Note that, for 2 kHz jet mixing noise, we expect the dominant noise source to be very 
close to the plug surface and ME tabs, and hence the normalized length L/Dp is approximately equal to the shroud 
length-to-diameter ratio excluding the pre-mixing region. Figure 19 is analogous to Figs. 14 and 15 for the subscale 
case, and some of the same general trends are found in both sets of plots; these trends include an area of maximum 
curvature that depends on shielding level, and a tendency for increases in both nozzle width and shroud length at 
higher shielding levels. In comparing the three separate plots of Fig. 19, which are distinguished from each other by 
different levels of TAS stream electrical heating, we observe a very weak dependence on electrical heating for 1 dB 
shielding. In contrast, such a strong dependence is found at 10 dB that results for this shielding level are outside the 
parameter space domain for the no-heating conditions, as shown on the left side of Fig. 19. 
In Fig. 20 the engine core mass fraction fdiv diverted to the TAS stream, as computed from Eq. (35), is plotted as a 
function of normalized shroud length for various shielding levels and TAS electrical heating levels. Surprisingly large 
values of fdiv are found for conditions involving no electrical heating (left); for example, a diversion fraction of 0.45 
is shown for L/Dp = 2 and s = 5 dB. Such a large fdiv value can be viewed as outside the practical range, and likely 
invalidates an assumption underlying the above analysis that the TAS mass flow diversion has negligible impact on 
																																	∆𝒫𝒫∗ ≡ 𝒫b[»b + 𝒫¾¯¦ + 𝒫b1%b − 𝒫b[»b∗𝒫b[»b∗  
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ME primary stream entrance (station 0) conditions. In contrast, for L/Dp = 2 and s = 5 dB with electrical heating of 
300 K (center), a more realistic diverted mass fraction fdiv = 0.17 is found, and an even smaller value of fdiv = 0.11 is 
displayed in Fig. 20 (right) for the same L/Dp and s with 600 K electrical heating. In assessing the values of fdiv in Fig. 
20, it should be emphasized that the diverted fraction of the total mass flow rate through the engine is considerably 
smaller, and is given by fdiv /(1+BPR) » 0.29 fdiv. 
Figure 21 shows the fractional increase in engine mass flow rate, given by Eq. (34), as a function of normalized 
ME shroud length. For the same throttle setting and proportionately rescaled turbine engine and inlet geometries, Fig. 
21 effectively presents the required increase in inlet mass capture area. This increase is found to be relatively small 
across much of the design space for L/Dp, s and Tt2, although prohibitively large mass flow increases may be required 
for small L/Dp with no electrical heating. More specifically, for L/Dp = 2 and s = 5 dB, we find engine mass flow 
increases of 22.6%, 8.0% and 5.3% for electrical heating levels corresponding to Tt2 increases of 0 K, 300 K and 600 
K, respectively. 
The fractional increase in total engine power, given by Eq. (44), is plotted against normalized shroud length in Fig. 
22. In observing trends in Fig. 22, it should be noted that calculated power requirements are subject to the optimistic 
assumption that DPt,duct/Pt,LPT << 1. When this assumption is combined with input pressure ratios Pt,LPT/P¥ = 3.4 and 
Pt2/P¥ = 1.06 in Eq. (43) for the conditions listed above, then it can be shown that no turbopump contribution based 
on Eq. (42) is included in the normalized power increase values that are computed from Eq. (44) and plotted in Fig. 
22. Although a turbopump is not required at these conditions to generate a velocity-matched TAS stream, such a pump 
is likely needed under more realistic conditions for which a non-negligible total pressure loss occurs between the 
turbine exit and TAS nozzle plenum.   
Despite the lack of a turbopump power contribution, very large increases in required power are observed in Fig. 
22 for both nonzero heating levels under consideration. For example, at L/Dp = 2 and s = 5 dB, the power increase 
will be 8.7% for no electrical heating but 20.8% and 25.7%, respectively, for the 300 K and 600 K heating levels. It 
follows that, in comparing Figs. 21 and 22, we find a strong tradeoff between ME shroud length, TAS mass flow and 
power requirements to achieve a given shielding level. In particular, for a fixed s value, we may need to accept 
comparatively large values of either shroud length, diverted mass flow to the TAS, or engine power for electrical 
heating. Each of the three quantities involved in this tradeoff can adversely affect vehicle weight, drag and/or 
propulsion system efficiency. While multi-disciplinary design optimization procedures are required to find an ideal 
parameter space location for ME-TAS design, the considerable power increases associated with electrical heating may 
in fact be favorable over other design adjustments. Although such power increases could be viewed as problematic, 
we note that engine sizing and power requirements are not likely to be based on takeoff conditions, and a large takeoff 
power safety margin is needed to account for the possibility of engine failure. In the event of engine failure or another 
emergency at takeoff, any electrical heating of the TAS stream could be immediately disabled without mechanical 
actuation. Moreover, the additional power requirements shown in Fig. 22 are applicable only during a very small 
fraction of the flight time, and the associated reduction in propulsive efficiency should have little influence on total 
fuel usage. Some of this efficiency reduction is potentially countered by low speed ME thrust augmentation, which is 
not considered in the present study.  
IV. CFD Simulation of Full Scale ME-TAS 
To further investigate both the effectiveness of a full scale ME-TAS configuration and the validity of approximations 
underlying the analysis presented above in Section III, a notional full scale three-dimensional ME-TAS geometry is 
generated and subjected to RANS analysis. Starting from the flow conditions, minimum noise frequency of interest (f 
= 2 kHz) and ME shroud diameter (Dp = 1.5 m) selected above, we next choose a desired shielding level of 5 dB and 
a total temperature of Tt,2 = 1250 K at the TAS nozzle plenum. Then from Fig. 19 and the logic discussed in Section 
II to identify a roughly optimal geometry based on the parameter space region of maximum curvature, we impose an 
axial distance of L = 2.25 from the primary nozzle exit to the shroud trailing edge, and set the TAS nozzle exit width 
to d = 0.089 m. The ME primary stream nozzle exit diameter D0 is computed from the expression 
 
 (46) 
 
where the effective area ratio RA is given by Eq. (23). Equation (46) is derived following an approximation of uniform 
pressure between primary and secondary streams, along with an approximation that the effective capture area for the 
entrained secondary flow is equal to the difference between shroud and primary nozzle exit areas. For a pumping ratio 
𝐷4 = 𝐷b[1 + 𝑅®]*?/N 
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of PR = 0.5 and other flow conditions given in Section III, Eq. (46) is used to find D0 = 1.0 m. A parameterized ME-
TAS surface geometry based on these dimensions is presented in Fig. 23. As shown in this figure, the geometry 
includes mixer tabs with roughly 15° penetration around the primary stream nozzle exit. Another feature visible in 
Fig. 23 is a small (0.254 m long) TAS nozzle interior region, which is intended to avoid unsteady vortex shedding off 
the TAS nozzle lip by means of turbulent boundary layer development. 
A three-dimensional grid is generated around the surface geometry truncated along the symmetry plane. The grid 
consists of a combination of structured and unstructured blocks, with a total of about 54.1 million cells. Five structured 
blocks are positioned along mixing and shear layers to reduce the cell count by means of cell stretching, and to reduce 
numerical dissipation and diffusion associated with misalignment between cell faces and dominant gradient 
directions.17 Unstructured blocks account for remaining portions of the simulation domain; these include anisotropic 
cell growth regions in the vicinity of viscous wall boundaries, with a maximum wall boundary cell height that 
corresponds to y+ » 1. A close-up symmetry plane view of the grid around the shroud is presented in Fig. 24. Note the 
comparatively high refinement levels within boundary layer and trailing edge regions, as well as the presence of highly 
refined structured blocks around both internal and external mixing layers. 
RANS CFD calculations are performed using the FUN3D finite volume flow solver developed at NASA Langley 
Research Center.18 Modeling choices include the use of adiabatic wall boundaries, a fully turbulent flowfield, and the 
two-equation shear stress transport (SST) turbulence model of Menter with vorticity source term modifications. 
Calculations are performed with CFL ramping to reduce computational expense, for a total CPU time of about 7200 
hours on 560 cores in the NASA Pleiades high performance computing system.  
Selected simulation results along the symmetry plane are presented in Figs. 25 through 27. Contours of mean 
temperature, shown in Fig. 25, indicate a lack of complete mixing between primary and secondary streams within the 
ME, with a near-freestream temperature region around the shroud inner wall extending downstream of the TAS nozzle 
lip. A well-defined TAS stream is found to persist a considerable distance downstream of the shroud, although the 
core region of approximately uniform temperature disappears within a downstream distance significantly smaller than 
the shroud diameter Dp. Around the upstream region where the core region appears well resolved, thin mixing layers 
– as indicated by large temperature gradients – are maintained between the TAS, freestream and ME exit streams. 
Vertical dashed lines in Fig. 25 denote the locations of transverse reference planes, which are used below for 
comparison with the similarity form model described in Section II.  
  Contours of mean axial velocity along the symmetry plane are shown in Fig. 26. As in Fig. 25, trends observed 
in this figure include incomplete mixing within the ME and development of high gradient mixing layers between the 
ME exit stream, TAS core and freestream regions. Due to the combined influence of boundary layer development 
along with shroud inner wall and incomplete internal mixing, a low velocity region extends into the nearfield plume 
between higher speed areas within the ME exit and TAS streams. As a consequence, the desired shear-free velocity 
matching between TAS and ME streams – which ideally would allow for a sharp TAS interface that persists for some 
distance downstream – appears to be either impractical or unattainable for the present configuration. However, further 
iterations on TAS nozzle exit conditions and/or ME mixing effectiveness (e.g. through changes to tab lengths or 
penetration angles) should lead to improvements in TAS stream persistence. It should be emphasized that no 
optimization or iterative design adjustments have yet been performed for the tab geometry, and a lack of adequate 
mixing is therefore not surprising.  
Figure 27 shows contours of turbulent kinetic energy along the symmetry plane. Trends in this figure, including 
the relative strength and locations of turbulent mixing regions, may be employed for rough prediction of the noise 
source distribution. In particular, the high turbulence intensity within the internal ME mixing layer near the inner 
shroud walls likely indicates a strong source of high frequency noise, whereas the local maxima in turbulent kinetic 
energy a short distance downstream of the shroud trailing edge are probably associated with lower frequency noise 
generation. Future work will include post-processing of RANS results to assess both spatial and spectral noise 
distributions. Note that very little noise is generated near the ME centerline, although a centerline noise source is used 
as a simplifying assumption in the Green’s function calculations described in Section II. 
In Fig. 28, symmetry plane profiles of mean temperature, axial velocity and turbulent kinetic energy are presented 
along the symmetry plane along the two transverse planes indicated with dashed lines in Figs. 25 through 27. Upstream 
and downstream planes illustrated in Fig. 28 are located at distances of x = 5d = 0.445 m and x = 3Dp = 4.5 m, 
respectively, past the shroud trailing edge. The upstream plane location corresponds to the minimum x/d value used 
as an input for Green’s function calculations described in Section II, and the downstream plane matches the x/Dp value 
used as a default input for surrogate-based shielding level approximations in Sections II and III. As shown in Fig. 28, 
turbulent mixing layers are present near the interface between TAS and ME exit streams, and a local minimum in the 
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velocity profile is positioned near this interface along the upstream plane. The upstream plane also shows a very large 
difference between ME and TAS stream maximum temperatures, whereas nearly equal maximum temperatures are 
observed further downstream due primarily to TAS stream turbulent thermal diffusion effects. Among other 
distinguishing characteristics of the two sets of profiles, large reductions are observed in the downstream plane for 
both gradient magnitudes and the width of the ME exit stream core region. Small but finite turbulent kinetic energy 
values are found in the upstream plane around the shear layer between the TAS stream and freestream; this is consistent 
with an observation in Fig. 27 that all shear layer regions around the shroud trailing edge are fully turbulent, although 
the turbulence intensity varies widely among these regions. 
Figure 29 shows a comparison of nondimensional temperature profiles based on Fig. 28 with the similarity form 
model given by Eq. (2) and used as an input to the Green’s function calculations. The model is observed to closely 
follow the upstream temperature profile across the mixing layer between TAS and ME exit streams, which is the main 
contributor to thermal shielding characteristics. The model also appears to follow the downstream temperature curve 
reasonably well in the same area, although the high gradient downstream mixing layer that overlaps the similarity 
model TAS interface actually corresponds to the ME/freestream mixing layer opposite the TAS stream. The ME/TAS 
mixing layer actually appears in the downstream temperature curve just below the area under consideration, in the 
vicinity of a small depression in the temperature profile. For reference, the downstream mixing layer locations are 
labeled in red text on Fig. 29. While it is unclear whether the associated error in Green’s function calculations is a 
significant contributor to the overall inaccuracy in shielding level estimates, the lack of proper downstream placement 
for the similarity form temperature profile should be noted as a potential error source. This issue is expected to be 
addressed in future work, which will include updated Green’s function calculations based directly on RANS 
simulation output data.   
Normalized upstream and downstream profiles of mean axial velocity are shown in Fig. 30 along with the 
similarity model velocity curve based on Eq. (1). One clear difference between the model curve and both CFD curves 
is in the farfield, where the model assumes quiescent flow and the simulation imposes Mach 0.3 freestream conditions. 
Another prominent difference is in the magnitude of velocity gradients in the outer mixing layers; these gradients are 
consistently overpredicted by the model in the downstream plane but underpredicted in the upstream plane. Moreover, 
the model fails to incorporate the local velocity minimum in the upstream curve within the mixing layer between TAS 
and ME exit streams. Note that this region is located above the ME centerline on the upstream velocity curve in Fig. 
30 because the normalization coordinate y0.5 is negative. As with temperature model discrepancies identified in Fig. 
29, the velocity profile model is observed in Fig. 30 to miss some important trends in the CFD solution, leading to 
potentially significant error sources in the Green’s function calculations used to predict ME-TAS shielding 
effectiveness. It should be emphasized, however, that the similarity form model is intended only to capture general 
flowfield trends, and a high fidelity quantitative description of acoustic characteristics for the specific ME-TAS 
geometry under consideration is beyond the scope of the present work. Moreover, acoustic characteristics are expected 
to be dominated by the influence of temperature gradients across the ME/TAS mixing layer, and inaccuracy in the 
modeled velocity profile should have at most a secondary effect on shielding levels. 
V. Summary and Conclusions 
A numerical study has been presented for the evaluation and design space exploration of a proposed jet noise 
reduction scheme, applicable to airport noise reduction for supersonic commercial aircraft. This scheme combines a 
mixer ejector (ME) with a thermal acoustic shield (TAS) as a means to provide high frequency noise shielding over a 
wide range of polar angles between the noise source and a ground observer. The ME-TAS concept is intended to avoid 
unfavorable characteristics of an independently installed ME (poor shielding at small angles or excessive shroud size) 
or an independent TAS (poor shielding at large angles). The proposed ME-TAS configuration, and the analysis 
presented here, are distinguished from historical studies of the TAS concept through the addition of mechanical 
shielding and noise source concentration provided by the ME, and through the use of modern numerical analysis tools. 
In the present work, we used a series of two-dimensional RANS CFD calculations for a subscale TAS case to 
generate similarity form models that provided input data to acoustic analogy calculations for the farfield Green’s 
function. These calculations in turn provided training points for a radial basis function surrogate model. A generalized 
version of Snell’s law, derived as part of this work, was then used to post-process surrogate model results for 
investigation of the ME-TAS design space. Next, subscale results were converted to representative flight conditions 
for a full scale case, and a simplified systems-level analysis was performed for this case. Maximum parameter space 
curvature arguments were employed to design a quasi-optimized full scale ME-TAS geometry, and this design was 
subjected to three-dimensional RANS CFD simulation. Tradeoffs were identified between TAS mass flow and engine 
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power requirements, and a need for supplemental TAS stream heating was found to be a particular source of added 
difficulty in obtaining sufficient shielding levels. One specific tradeoff identified in this study is that, to achieve desired 
shielding levels for a fixed ME shroud length and engine thrust, a substantial increase may be required in either the 
engine mass flow rate or available electrical power. While the overall fidelity of our analysis was limited by a number 
of simplifying assumptions and approximations, the ME-TAS concept was demonstrated here to effectively reduce 
high frequency noise over a wide range of observer angles, and considerable potential was shown for this concept as 
a jet noise reduction scheme for low bypass ratio turbofan engines. 
Planned elements of future work include post-processing of RANS CFD solution data, including turbulent kinetic 
energy and turbulent dissipation, to determine the spectral and spatial distributions of jet mixing noise for the full scale 
configuration. Additional Green’s function calculations will be performed by directly utilizing full scale CFD results 
within a modified acoustic analogy code that does not require analytical approximations to flowfield characteristics. 
Existing parameter space exploration data will then be revised as needed, and updated quasi-optimal geometry values 
will be identified. Future plans also include a further iteration on the notional geometry and TAS inflow conditions 
employed for three-dimensional RANS CFD calculations, with increased tab penetration and other design changes to 
improve TAS stream persistence and thermal shielding effectiveness. Additional work may involve multidisciplinary 
design optimization for an objective function based on shielding levels, with possible constraints associated with 
weight and cruise propulsion efficiency. Finally, it is hoped that future work will include higher fidelity numerical 
assessment of the ME-TAS concept, potentially incorporating data from large eddy simulations, RANS calculations 
to estimate cruise performance penalties, computational comparison with a stand-alone ME configuration, and some 
experimental data from a limited subscale ground test campaign. 
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Figure 1. Temperature contours from the SOLIDWORKS Flow Simulation tool for a subscale two-dimensional 
velocity-matched TAS case. 
 
 
 
 
 
 
Figure 2. Approximate similarity forms for the mean velocity and temperature profiles of the two-dimensional 
RANS simulations. 
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Figure 3. Example mean temperature profile in a cross-flow plane used as input to the Green's function solver. 𝑻𝒓 = 𝟐.𝟎, 𝒅 = 𝟎. 𝟏	𝒊𝒏, 𝒙 𝒅⁄ = 𝟓. 𝟎. 
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(a)           (b) 
 
(c) 
 
Figure 4. Shielding levels computed from the Green's function. 𝑻𝐫 = 𝟐. 𝟎, 𝜽 = 𝟑𝟎°; (a) 𝒅 = 𝟎.𝟏	𝐢𝐧, (b) 𝒅 =𝟎.𝟐	𝐢𝐧  (c) 𝒅 = 𝟎.𝟒	𝐢𝐧. Solid lines, 𝒙 𝒅⁄ = 𝟓; dashed lines, 𝒙 𝒅⁄ = 𝟏𝟎 ; dash-dot lines, 𝒙 𝒅⁄ = 𝟐𝟎. 
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Figure 5. Selected training points (symbols) and radial basis function surrogate model (curves) demonstrating 
smooth interpolation between input data.  
 
 
 
 
 
Figure 6. Surrogate model surface plots for various combinations of independent variables. Legend values are 
shielding levels in dB. 
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Figure 7. Shielding levels are a function of farfield polar angle q and normalized TAS nozzle exit width d/Dp 
for He = 1 and temperature ratios Tr = 1.5, 2 and 3. 
 
 
     
 
 
Figure 8. Surrogate model solutions at constant shielding levels of 1, 2, 5 and 10 dB, for He = 1 and Tr = 1.5, 2 
and 3. 
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Figure 9. Illustration of ME-TAS geometry elements along with flowfield and acoustic features. 
 
 
 
 
 
Figure 10. Schematic for formulation of generalized Snell’s law. 
 
 
 
 
Figure 11. Source and farfield wave propagation angles under study conditions based on generalized Snell’s 
law. 
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Figure 12. Farfield wave propagation angle and source angle as functions of polar angle between source and 
observer.  
 
 
 
 
Figure 13. Normalized TAS nozzle exit width as a function of source angle for various fixed shielding levels,  
He = 1, and temperature ratios Tr = 1.5 (left), 2 (center) and 5 (right). 
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Figure 14. Required TAS nozzle exit width and shroud length (downstream of the noise source) to achieve given 
shielding levels for the same He and Tr values as Fig. 13.  
 
 
 
 
Figure 15. Required TAS nozzle exit width and shroud length for He = 2. 
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Figure 16. Temperature ratio as a function of shroud length for He = 1. 
 
 
 
 
Figure 17. Temperature ratio as a function of shroud length for He = 2. 
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Figure 18. Illustration of full scale ME-TAS configuration. Flowfield stations are labeled in red. 
 
 
 
 
Figure 19. TAS nozzle exit width vs. ME shroud length downstream of noise source, for full scale conditions 
with a TAS total temperature increase of 0 K (left), 300 K (center) and 600 K (right) due to electrical heating. 
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Figure 20. Mass flow fraction diverted to TAS stream from engine core for full scale conditions, with same TAS 
electrical heating levels as in Fig. 19.  
 
 
 
 
Figure 21. Fractional increase in full scale engine mass flow required to maintain thrust. 
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Figure 22. Fractional increase in total engine power required to maintain thrust for the full scale configuration. 
 
 
 
 
Figure 23. Notional geometry for full scale ME-TAS. Red and blue surfaces represent inflow boundaries for 
TAS and primary ME streams, respectively. 
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Figure 24. Close-up view of symmetry plane surface mesh for three-dimensional RANS simulation of full scale 
ME-TAS. 
 
 
 
 
Figure 25. Temperature contours along the symmetry plane, with inset close-up view of a region around the 
TAS nozzle. Dotted lines denote upstream and downstream transverse reference planes, respectively located at 
distances of 5d and 3Dp beyond the shroud trailing edge.  
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Figure 26. Contours of axial velocity along the symmetry plane, with inset close-up view of a region around the 
TAS nozzle. 
 
 
 
 
Figure 27. Contours of turbulent kinetic energy along the symmetry plane. 
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Figure 28. Symmetry plane profiles of axial velocity, temperature and turbulent kinetic energy along upstream 
(left) and downstream (right) transverse reference planes.  
  
 
 
 
Figure 29. Comparison of similarity form model for temperature profile with CFD solutions for full scale ME-
TAS. Red labels specify mixing layers along downstream plane. 
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Figure 30. Comparison of similarity form model for axial velocity profile with CFD solutions for full scale ME-
TAS. 
 
